The limit of reporting was determined using an s/n ratio of greater than 10. 150
Conductivity and pH were measured using an Orion 4-Star Plus pH/conductivity meter. Total 151 organic carbon (TOC) and total nitrogen (TN) were analysed using a Shimadzu TOC/TN-V CSH 152
analyser. TOC analysis was conducted in non-purgeable organic carbon (NPOC) mode. Samples 153 were kept at 4°C until analysed and calibrations were performed in the range between 0 and 1000 154 mg/L and 0 to 100 mg/L for TOC and TN, respectively. 
MBR experimental protocol

159
The MBR was seeded with activated sludge from the Wollongong sewage treatment plant, NSW, 160
Australia. After the initial start-up process, which lasted about 2 months, a small amount of 161 sludge was regularly extracted from the reactor to keep the sludge age at approximately 70 days. 162
The hydraulic retention time was set at 24 hours, corresponding to a permeate flux of 4.3 L/m 2 h. 163
The MBR temperature and dissolved oxygen content were kept constant at 20.0±0. respectively. It is noted that complete degradation of an organic compound may follow different 175 pathways and undergo several steps. Therefore, the term removal here does not necessarily 176 indicate complete degradation of the trace organics, but rather a loss of the specific trace 177 8 chemical molecule. In many cases, stable intermediates or 'metabolites' may be produced, but 178 detailed consideration of these intermediates is beyond the scope of the current study. 179
3 Results and discussion 180 
Performance stability of the MBR
181
In this study, synthetic feed solution was used to ensure a consistent influent composition. The 182 MBR showed stable and good performance with respect to all key water quality parameters. The 183 stable performance continued even following the introduction of the trace organic contaminants 184 to the feed solution. A notable exception, however, was a significant decline in the removal of 185 total nitrogen (TN) immediately after the introduction of the trace organic contaminants from 186 almost complete removal to as low as 60%. The decrease in TN removal can be explained by the 187 introduction of acetonitrile, the solvent used to introduce the trace organics, to the influent. The 188 MBR system used in this study was operated under aerobic conditions and therefore is not 189 expected to have any biological denitrification capacity. The synthetic feed solution was 190 deficient in nitrogen, and therefore, the initial high TN removal observed here could be attributed 191 to the conversion of dissolved organic nitrogen to biomass, which would then be retained by the carbamazepine, dilatin, and trimethoprim) to removal to below the analytical detection limit 211 (e.g.: 17β-estradiol, testosterone, and triclocarban), indicating a removal of at least 98%. The 212 observed significant variation in the removal efficiency of the trace organic contaminants by 213 MBR treatment indicates that improved understanding of the key factors that govern the 214 elimination of specific chemicals is required to enable prediction of MBR treatment performance 215 for any particular chemical or class of chemicals. 216
Removal of trace organic contaminants
218
A logical approach to qualitatively predict the effectiveness of MBR treatment for the removal of 219 a wide range of trace organic contaminants is to evaluate their removal efficiency according to 220 the intended applications or origins of these compounds. Accordingly, Table 1 to 75% (Santos et al., 2009) . Given the similarity between MBR and CAS treatment, it is 230 possible that this discrepancy can be explained by the differences in operating conditions. The 231 literature data presented in Table 1 are from a range of sources with different operating 232 conditions and system arrangements. The reported experimental results confirm that the MBR 233 system used in this study behaved well within the range of typical performance data from other 234 systems. Therefore, the results presented in this study and the conclusion drawn from them 235 would be broadly applicable and generalisable to most typical MBR systems. In fact, data 236 presented in Table 1 suggest that some generalisation can be made about certain groups of 237 compounds. 238
All the three pesticides investigated in this study showed very low removal efficiencies. 240
Atrazine, a chloro-triazine herbicide, was removed at a rate of less than 5%. It has been reported 241 to be poorly removed both in CAS and MBR (Bernhard et al. off sampling event at a pilot scale treatment facility (Snyder et al., 2007) . 256
Near complete removal or removal to below the analytical limit of all eight steroid hormones and 257 three other EDCs selected for investigation (bisphenol A, nonylphenol, and t-octylphenol) were 258 observed in this study. These results are consistent with other published studies (Table 1) . It is 259 noteworthy that all of these compounds possess significant hydrophobicity and bear a similar 260 molecular backbone structure; which may, in part, explain the similarities of their removal 261
efficiencies. 262
No generalistion can be inferred for any of the six therapeutic classes of pharmaceuticals 263 investigated in this study (Table 1) . Their removal efficiencies by MBR treatment vary widely 264 even within the same class of compounds. The removal efficiencies of the five non-steroidal 265 11 anti-inflammatory drugs (NSAIDs) differ remarkably from one another. For example, ibuprofen 266 registers a removal efficiency of 97% whereas the removal efficiency of diclofenac is only 17%. 267
Unlike the other NSAIDs, diclofenac is a chlorinated compound, which can possibly explain its 268 recalcitrant behavior in MBR treatment. Significant variation in the removal efficiency can also 269 be observed among compounds used as anti-depressants and mood stabilizers. Dilantin, 270 primidone and carbamazepine were poorly removed, whereas the removal efficiencies of 271 clozapine, risperidone, and amitriptyline were 85% and higher. Given the considerable 272 dissimilarity in the molecular structure among these anti-depressants and mood stabilizers, 273 differences in their removal efficiencies can be expected. Further analysis of the molecular 274 structures of these compounds is presented in section 3.3.2. Significant variation in removal 275 efficiency was observed among the other pharmaceutical groups (cardiovascular and other drugs) 276 and can again be attributed to their diverse molecular structures (Table 1 and Results reported in Table 1 suggest that the classification of trace organics according to their 285 intended use or origin can only be used to qualitatively predict the removal efficiencies of 286 compounds of similar molecular structure, having similar molecular features or physicochemical 287
properties. In fact, certain molecular features and physicochemical properties of the trace organic 288 contaminants appear to be the underlying factors governing their rate of removal during MBR 289 treatment. 290
Role of molecular features
291
Attempts to fit the removal efficiency data obtained in our study and the corresponding available 292 biodegradability scores from BIOWIN model did not result in any meaningful correlations (data 293 not shown). Although this result is somewhat surprising, it does not necessarily invalidate the 294 model. BIOWIN is essentially a statistical model and the discrepancies may have arisen to some 295 extent due to the fact that the BIOWIN scores were derived from batch tests, which cannot 296 effectively replicate the biological conditions of an MBR. It is also noteworthy that only three 297 out of 40 compounds investigated in this study were included in the database which has been 298 used for the development of BIOWIN. Furthermore, BIOWIN would not account for the 299 adsorption of trace organics to biosolids which can be an important removal mechanism along 300 with biodegradation. Given the poor correlation between the removal efficiencies experimentally 301 obtained in this study and the BIOWIN biodegradability scores, it is necessary to further 302 examine the key physicochemical properties and molecular features that can govern the removal 303 efficiency of trace organic compounds. 304
Effects of hydrophobicity 305
The removal of trace organic contaminants by an activated sludge treatment process is a complex 306 function of both sorption and biological degradation. In a CAS treatment process, the sludge-307 bound contaminants can be subsequently removed via sludge withdrawal. In addition, sorption of 308 trace organic contaminants to biosolids results in a longer residence time in the reactor, which 309 may lead to further removal via biodegradation. Because the MLSS content and sludge retention 310 time of typical MBR processes are much higher than those of CAS treatment, sorption has been 311 suggested as a major removal mechanism for the removal of trace organic contaminants by MBR 312 treatment. In a systematic survey of the literature data, Wells suggested that the sorption of a 313 trace organic contaminant to the activated sludge could be assessed by considering the Log D 314 value of the compound at a given pH (Wells, 2006) . Experimental results presented in Figure 2  315 indicate that this finding can be extended to MBR treatment. There appears to be a 'removal 316 envelop' that can be defined by the hydrophobicity of the trace organic contaminants (Figure 2) . 317
Removal of the very hydrophobic (Log D > 3.2) compounds is probably dominated by sorption 318 to the activated sludge facilitating enhanced biological degradation in some cases. Therefore, 319 these compounds consistently showed high removal efficiency (above 85%). As the Log D value 320 of the compounds decreased to below 3.2, sorption of these trace organic contaminants onto the 321 activated sludge was no longer a dominating removal mechanism and the removal efficiency of 322 these compounds is much more strongly influenced by their intrinsic biodegradability. As a 323 result, the removal efficiency of trace organics with low Log D values (at pH 8) varies 324 significantly from less than 20% to removal to below the analytical detection limit 325 (corresponding to a removal of at least 98%). Of particular note in Figure 2 is a cluster of five 326 13 compounds that show very low removal efficiencies despite their moderately high 327 hydrophobicity (Log D in the rage from 2 to 3.2). It is also noteworthy that all five compounds 328 possess one or several electron withdrawing functional groups, such as a chlorine atom or amide 329 group. Results reported here suggest that individual molecular features can also be an important 330 factor governing the removal efficiency of trace organics during MBR treatment. 331
Effects of molecular weight 333
The molecular weights of the trace organics studied here ranged from 151 g/mol (paracetamol) to 334 455 g/mol (verapamil). There appears to be a weak but nevertheless discernible correlation 335 between the removal efficiency of these trace organics and their molecular weights (Figure 3 ). 336
Compounds with molecular weight of more than 300 g/mol were relatively well removed 337 (>60%), while the removal efficiencies those with molecular weight of less than 300 g/mol 338
varied from almost no removal to more than 98% (removal beyond the analytical detection 339 limit). A plausible explanation for this observation could be the relative hydrophobicity (log D at 340 pH 8 in the range from 2.03 to 5.74, see supplementary data) of the compounds having molecular 341 weight of more than 300 g/mol. In addition, in this study, removal efficiency does not necessarily 342 represent a complete mineralisation of the compound. Compounds with higher molecular weight 343 may have more branches, which would offer more opportunities for the microbes to selectively 344 cleave a certain target site and initiate degradation. 345 degradation can initiate by the mere cleavage of a side chain structure and then further 367 mineralisation may depend on the complexity of the nucleus. In this study, removal indicates the 368 loss of the parent structure, and not complete mineralisation. Therefore, the absence of any 369 discernible correlation between the removal efficiency and ring structure is not entirely 370
unexpected. 371
As shown in Figure 4 , the compounds containing strong electron withdrawing groups (B) 372 consistently showed very low (<20%) removal efficiency. According to Knackmuss 373 (Knackmuss, 1996) , the initial electrophilic attack by oxygenases of aerobic bacteria is often a 374 rate-limiting step and the first of a chain of reactions responsible for the biodegradation of many 375 organic compounds. As a result, the presence of electron withdrawing functional groups 376 generates an electron deficiency and thus renders the compounds less susceptible to oxidative 377 catabolism. Electron donating functional groups, on the other hand, render the molecules more 378 prone to electrophilic attack by oxygenases of aerobic bacteria. Consequently, the removal 379 efficiencies of organic compounds bearing strong electron donating functional groups were, in 380 most cases, much higher than those of group B in Figure 4 it appears that the co-existence of the amine, and not the methyl group, with the amide group 409 may make these compounds more amenable to biodegradation. The excellent removal of another 410 amide-containing compound paracetamol can be attributed to the presence of the hydroxyl group 411 which is also a strong electron donating functional group. In this context, it is noteworthy that the 412 entire set of hydroxyl group-containing compounds tested in this study showed high removal. Supplementary data: Physicochemical properties of the selected trace organic contaminants. Source: SciFinder Scholar, data calculated using Advanced Chemistry Development (ACD/Labs) Software V8.14 for Solaris (1994-2007 ACD/Labs).
